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(57) ABSTRACT

A cycling electrospray 1onization device includes a driving
mechanism and anozzle. The nozzle 1s configured to sequen-
tially form liquid droplets of an electrospray medium thereat,
and 1s adapted to establish a traveling path with a receiving
unit of a mass spectrometer such that when a potential ditfer-
ence 1s applied between the nozzle and the receving unit to
lade the liquid droplets with a plurality of electric charges for
ionizing analytes to form 1onized analytes, the charged drop-
lets are forced to move toward the receiving unit along the
traveling path. The nozzle defines a nozzle axis, and 1s driven
by the driving mechanism to proceed with a cycling route
about a cycling axis such that the nozzle axis tracks along the
cycling route, and such that immediately after leaving the
nozzle, the liquid droplets cooperate to form a substantially
columnar plume with a cross section substantially surrounded
by the cycling route.
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CYCLING ELECTROSPRAY IONIZATION
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority of Tatwanese Appli-
cation No. 099107458, filed on Mar. 15, 2010.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The invention relates to an electrospray 1onization
(ESI) device, more particularly to a cycling electrospray 1on-
1zation device that 1s adapted to produce liquid droplets of an
clectrospray medium 1n a moving manner.

[0004] 2. Description of the Related Art

[0005] Through mass spectrometry, the molecular weights
of analytes obtained from a sample can be obtained for 1den-
tification of the analytes. A mass spectrometer generally
includes an 1oni1zation device, a mass analyzer and a detector.

[0006] Oneionmization method s called electrospray 1oniza-
tion (ESI). As shown 1n FIG. 1, a conventional electrospray
ionization device 11 performs an electrospray 1onization pro-
cedure to 10nize analytes contained in an electrospray solu-
tion. The conventional electrospray 1onization device 11
includes a nozzle 112 having an open end 111 that opens
toward an entrance side 121 of a mass analyzer 12 of an
clectrospray 1onization mass spectrometer. When 1n use, an
clectric field, for 1mstance, a 2~35 KV potential difference, 1s
established between the open end 111 of the nozzle 112 and
the entrance side 121 of the mass analyzer 12. Subsequently,
the electrospray solution 1s forced out of the nozzle 112 for
traveling toward the open end 111. The electrospray solution
torms a Taylor cone 2 that 1s filled with electric charges as 1t
passes through the open end 111 of the nozzle 112 due to the
combined effect of the electric field present between the open
end 111 of the nozzle 112 and the entrance side 121 of the
mass analyzer 12 and the surface tension of the electrospray
solution at the open end 111. As the electric field force over-
comes the surface tension of the electrospray solution at the
open end 111 of the nozzle 112, liqud droplets containing
multivalent electric charges and analytes are formed, and are

forced to enter 1nto the mass analyzer 12 through the entrance
side 121 thereof.

[0007] As the charged droplets travel through the air from
the open end 111 of the nozzle 112 toward the entrance side
121 of the mass analyzer 12, the liquid portion of the charged
droplets vaporize such that the charged droplets dwindle 1n
s1ze, causing the multivalent electrons to attach to the analytes
to form 10n1zed analytes with relatively lower m/z values (1.¢.,
the mass-to-charge ratio, where m 1s the mass of the 1onized
analyte, and z 1s the 1onic charge/number of elementary
charges). Since the molecular weight of a macromolecule,
such as a protein molecule, 1s 1n the hundreds of thousands,
charges attached to each of the macromolecules for forming
the 1on1zed molecules needs to be multivalent 1n order for the
m/z value to be low enough so as to be detectable by the mass
analyzer 12. Not only does the electrospray 1onization
method allow macromolecules to be efficiently 10nized, but it
also overcomes the detection limit imposed by the mass ana-
lyzer 12 since a lower m/z value can be obtained. Therefore,
protein molecules can be studied using electrospray 1oniza-
tion mass spectrometry.
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[0008] Several improvements have been developed for
clectrospray 1onization in the past. As shown 1n FIG. 2, U.S.
Pat. Nos. 6,350,617 and 6,621,075 disclose another conven-
tional electrospray 1onization device 11a including a rotary
disk 113, and a plurality of nozzles 112 that are mounted on
the rotary disk 13 and that are supplied respectively with a
plurality of different electrospray sample solutions. The
rotary disk 113 1s rotatable, such that when 1t 1s required to
perform electrospray ionization on a particular one of the
clectrospray sample solutions, a selected one of the nozzles
112 can be moved into a designated location relative to the
mass analyzer 12 so as to permit the selected electrospray
sample solution to enter into the mass analyzer 12. As shown
in FIG. 3, U.S. Pat. No. 6,066,848 discloses another conven-
tional electrospray 1onization device 115 including an array
of nozzles 112 respectively for spraying a plurality of differ-
ent electrospray sample solutions, and a blocking device 114
adapted to be disposed between the nozzles 112 and the
entrance side 121 of the mass analyzer 12 and formed with an
aperture 1135. The blocking device 114 1s angularly movable
relative to the nozzles 112 so as to permit the aperture 115 to
be brought into alignment with a selected one of the nozzles
112. As a result, only the liguid droplets of the selected
clectrospray sample solution are permitted to pass through
the aperture 115 thereby advancing toward the entrance side
121 of the mass analyzer 12 for mass analysis per each time.
In other words, each of the conventional electrospray 10niza-
tion devices 11a, 115 facilitates convenient electrospray 10n-
1zation when multiple electrospray sample solutions are to be
analyzed.

[0009] However, all conventional electrospray 1onization
devices, including those disclosed above, have the same dis-
advantage that during electrospray 1onization of each single
clectrospray solution, the corresponding nozzle 112 1s fixed
in position when spraying the electrospray solution, such that
only a portion of the ionized analytes will reach the mass
analyzer 12 via the entrance side 121, while the other are
dispersed 1nto the surrounding environment due to the space
charge phenomenon. As a result, intensity and stability of
signals obtained by the mass analyzer 12 corresponding to the
analytes are relatively low.

[0010] In view of the above, 1t would be significantly ben-
eficial to the electrospray 1onization mass spectrometry (ESI-
MS) industry 1f the amount of 10ni1zed analytes reaching the
mass analyzer 12 can be increased.

SUMMARY OF THE INVENTION

[0011] Therelfore, the object of the present invention 1s to
provide an electrospray 1onization device that can eliminate
the aforesaid drawbacks of the prior art.

[0012] According to the pre sent invention, there 1s pro-
vided a cycling electrospray 1onization device that 1s adapted
for use 1n a mass spectrometer which 1s for analyzing ana-
lytes, and which includes a recerving unit disposed to admiut
therein 1onized analytes obtainable through 1onization of the
analytes. The cycling electrospray 1onization device includes
a driving mechanism and at least one nozzle. The nozzle 1s
coniigured to sequentially form liquid droplets of an electro-
spray medium thereat, and 1s adapted to establish a traveling
path with the recerving unit such that when a potential difier-
ence 1s applied between the nozzle and the receving unit to
lade the liquid droplets with a plurality of electric charges for
ionizing the analytes to form the 1onized analytes, the charged
droplets are forced to move toward the receiving unit along
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the traveling path. The nozzle defines a nozzle axis, and 1s
driven by the driving mechanism to proceed with a cycling
route about a cycling axis such that the nozzle axis tracks
along the cycling route, and such that immediately after leav-
ing the nozzle, the liquid droplets cooperate to form a sub-
stantially columnar plume with a cross section substantially
surrounded by the cycling route.

[0013] The present mvention also provides a mass spec-
trometer that includes the abovementioned cycling electro-
spray 1onization device, and a recerving unit that 1s disposed
to admit therein 1onized analytes obtainable through 1oniza-
tion of the analytes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Other features and advantages of the present mven-
tion will become apparent in the following detailed descrip-
tion of the preferred embodiments with reference to the
accompanying drawings, of which:

[0015] FIG. 1 1s a schematic view, illustrating a conven-
tional electrospray 1onization device;

[0016] FIG. 2 1s a schematic view of another conventional

clectrospray 1onization device as disclosed in U.S. Pat. Nos.
6,350,617 and 6,621,073;

[0017] FIG. 3 1s a schematic view of yet another conven-
tional electrospray 1omization device as disclosed in U.S. Pat.

No. 6,066,343;

[0018] FIG. 4 15 a schematic top view of the first preferred
embodiment of a cycling electrospray 1omzation (RESI)
device according to the present invention;

[0019] FIG. 5 1s a schematic side view of the first preferred
embodiment;
[0020] FIG. 6 1s a schematic top view of the second pre-

ferred embodiment of a cycling electrospray 1onization
device according to the present invention;

[0021] FIG. 7 1s a schematic side view of the second pre-
ferred embodiment;

[0022] FIG. 8 1s a schematic front view of the second pre-
terred embodiment, 1llustrating a nozzle disposed at the low-
est point 1n a revolving route;

[0023] FIG. 9 1s a fragmentary schematic front view of the
second preferred embodiment, illustrating the nozzle dis-
posed at the rightmost point 1n the revolving route;

[0024] FIG. 10 15 a schematic side view, illustrating a dii-
ferent arrangement between the cycling electrospray 10niza-
tion device and a recerving unit of a mass spectrometer:;

[0025] FIG. 11 1s a schematic side view of the third pre-
ferred embodiment of a cycling electrospray 1onization
device according to the present invention, i which a {first
array of plural sub-nozzles are illustrated;

[0026] FIG. 12 1llustrates a second array of the plural sub-
nozzles 1n a schematic sectional view of the third preferred
embodiment as shown 1n FIG. 11;

[0027] FIG. 13 1s a schematic view, illustrating formation
of an external electric field between the nozzle of the cycling
clectrospray 1onization device and a mass analyzer of the
receiving unit;

[0028] FIG. 14 1s a schematic view, 1llustrating an entrance
side of the mass analyzer being annular 1n shape;

[0029] FIG. 15 1s a schematic view of an electrospray-
assisted laser desorption 1onization (ELDI) mass spectrom-
cter that incorporates the cycling electrospray 1onization
device of the present invention; and
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[0030] FIG. 16 1s a schematic view of a laser-induced
acoustic desorption (LIAD) mass spectrometer that incorpo-
rates the cycling electrospray 1onization device of the present
invention.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

L1
]

ERRED

[0031] Belore the present invention 1s described 1n greater
detail, 1t should be noted that like elements are denoted by the
same reference numerals throughout the disclosure.

[0032] With reference to FIG. 4 and FIG. 5, the first pre-
ferred embodiment of a cycling electrospray 1onization
device 5 according to the present invention 1s adapted for use
in a mass spectrometer 2. The mass spectrometer 2 1s for
analyzing analytes, and includes amass analyzer 3 and a
detector 4, which are integrally referred to as a receiving unit
6 hereinafter. In other words, an entrance side 31 of the mass
analyzer 3 1s also interchangeably referred to as the entrance
side of the recerving unit 6. The recerving unit 6 1s disposed to
admit therein 1onized analytes obtainable through 1onization
of the analytes for subsequent mass spectrometric analysis.

[0033] The cycling ce¢lectrospray 1onization device 5
includes a driving mechanism 51 and at least one nozzle 52.
The nozzle 52 1s configured to sequentially form liquid drop-
lets of an electrospray medium thereat, and 1s adapted to
establish a traveling path with the recerving unit 6, such that
when a potential diflerence 1s applied between the nozzle 52
and the recerving unit 6 to lade the liquid droplets with a
plurality of electric charges for 1onizing the analytes to form
the 1on1zed analytes, the charged droplets are forced to move
toward the recerving unit 6 along the traveling path. Further,
the nozzle 52 defines a nozzle axis (LL1), and 1s driven by the
driving mechanism 51 to proceed with a cycling route (A)
about a cycling axis (RC) such that the nozzle axis (IL1) tracks
along the cycling route (A), and such that immediately after
leaving the nozzle 52, the liquid droplets cooperate to form a
substantially columnar plume with a cross section substan-
tially surrounded by the cycling route (A).

[0034] In this embodiment, the cycling route 1s a revolving
route (A), and 1s demonstrated 1n circular shape. It should be
noted herein that the cycling route certainly could be 1n other
looped forms. In an extreme case, the cycling route may
substantially be configured into a reciprocating route. This 1s
achieved by straightening two half-route segments of the
cycling route that are opposite 1n location to each other rela-
tive to the cycling axis, and opposite in direction of movement
to each other so as to bring the halif-route segments close to
cach other to thereby substantially render the cycling route
into the reciprocating route. It should be further noted herein
that the cycling axis (RC) 1s referred to hereinafter as “revolv-
ing axis (RC).

[0035] The driving mechanism 51 includes a primary drive
module 511 and a revolving drive module 512. The primary
drive module 3511 includes an output shaft unit 513 that
rotates about a rotating axis umt (C1). The revolving drive
module 512 includes a revolving shait unit 514 that defines a
shaft axis unit (C2) ofiset from the rotating axis unit (C1) by
a predetermined distance (R), and that has a proximate end
unit 513 coupled to the output shaft unit 513 so as to be driven
to revolve about the rotating axis unit (C1), and a distal end
unit 516 coupled to the nozzle 52 so as to bring the revolving
route (A) into a predetermined correlation with the predeter-
mined distance (R).
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[0036] In this embodiment, the rotating axis unit includes
one rotating axis (C1), and the output shaft unit includes one
output shaft 513 that rotates about the rotating axis (C1). In
addition, the shaft axis unit includes one shaft axis (C2) offset
from the rotating axis (C1) by the predetermined distance (R).
The revolving shaft unit includes a revolving shait 514 that
defines the shaft axis (C2), and that includes a proximate end
part 515 and a distal end part 516. The proximate end part 515
constitutes the proximate end part unit, and 1s coupled to the
output shaft 513 so as to be driven to revolve about the
rotating axis (C1). The distal end part 516 constitutes the
distal end unit, and 1s coupled to the nozzle 52 so as to bring
the revolving route (A) into the predetermined correlation
with the predetermined distance (R). Moreover, the revolving
shaft 514 further includes an adjusting rod 5141 for coupling
the distal end part 516 to the proximate end part 515 at a

predetermined one of a plurality of positions such that the
predetermined distance (R) between the rotating axis (C1)

and the shaft axis (C2) 1s adjustable.

[0037] It should be noted herein that although 1t 1s shown
that the revolving axis (RC) 1s not aligned with the rotating
axis (C1) 1n this embodiment, the revolving ax1is (RC)may be
aligned with the rotating axis (C1) i other embodiments of
the present invention 11 only the predetermined correlation of
the revolving route (A) with the predetermined distance (R)
remains unchanged.

[0038] Moreover, 1n this embodiment, the driving mecha-
nism 51 further includes a coupler 517 having a major wall
518. The IIlElJOI‘ wall 518 defines a centerline (C3) normal
thereto, and 1s configured to secure the nozzle 52 relative
thereto so as to render the centerline (C3) to be oriented
parallel to the nozzle axis (LL1)1n a direction of the nozzle axis
(L1). The major wall 518 i1s configured to have therein a
tubular bearing surtace (not shown), which 1s configured to
engage the distal end part 516 of the revolving shatt 514 such
that the revolving route (A) 1s kept in the predetermined
correlation with the predetermined distance (R).

[0039] Therotating electrospray ionization device 3 further
includes a three-way pipe 519 disposed to couple the nozzle
52 to the major wall 518 of the coupler 517 so as to secure the
nozzle 52 relative thereto. The three-way pipe 519 has a first
conduit 5191 which 1s disposed upstream of the nozzle 52, a
second conduit 5192 which 1s disposed upstream of the first
conduit 5191, and which has an inlet for introducing therein
the electrospray medium, and a third condut 5193 which 1s
disposed downstream of the second conduit 5192 and
upstream of the first conduit 5191, and which has a port that
1s fit with an electrode for estabhshmg the potential difference
with the recerving umit 6. In this embodiment, the three-way
pipe 519 1s mounted to a bottom surface of the coupler 517
such that the nozzle 52 1s disposed below the coupler 517. In
this embodiment, the analytes are contained 1n the electro-
spray medium.

[0040] Moreover, the primary drive module 311 further
includes a motor 5111 with amain drive shaft 5112, and a gear
train 5113 disposed to transmit a drive force of the main drive

shaft 5112 to drive the output shaft 513.

[0041] Preferably, the nozzle 52 is a capillary formed with
an outlet that 1s configured to sequentially form the liquid
droplets of the electrospray medium thereat. Alternatively,
the nozzle 52 can be configured to form the liquid droplets by
utilizing the piezoelectric or thermal bubble technology simi-
lar to that used 1n 1nkjet printers.
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[0042] The electrospray medium forming the liquid drop-
lets 1s a solution normally used in electrospray 1onization
methods, examples of which include solutions containing
protons (H") orions such as OH™, etc. Since this aspect should
be well known to those skilled in the art, further details of the
same will be omitted herein for the sake of brevity. In general,
a solution containing protons or OH™ 1ons i1s used as the
clectrospray medium. The protons can be obtained through
addition of an acid into the solution. With an electric field
direction pointing away from the nozzle 52 toward the receiv-
ing unit 6, a plurality of “positively charged liqud droplets™
can be formed. This 1s the so-called “positive 10n mode”
clectrospray 1onization mass spectrometry. Conversely, the
OH™ 10ons can be added through addition of a base 1nto the
solution. With an electric field direction pointing away from
the recerving unit 6 toward the nozzle 52, a plurality of “nega-
tively charged liquid droplets” can be formed. This 1s the
so-called “negative 1on mode” electrospray 1onization mass
spectrometry.

[0043] Inorder to facilitate interpretation of resultant mass
spectra obtained through electrospray 1onization mass spec-
trometry (ESI-MS), a “positive 1on mode™ involving charged
liquid droplets that contain protons (H™) 1s normally used for
mass spectrometric analysis incorporating the electrospray
technique. Thus, preferably, the electrospray medium 1s a
solution containing an acid. More preferably, the electrospray
medium 1s a solution containing a volatile liquid such that the
liquid portion 1n the liquid droplets can vaporize prior to the
receipt of the 1onized analytes by the recerving unit 6 so as to
simplity the resultant mass spectra.

[0044] Alternatively, a gas supplying mechanism (not
shown) may be provided between the rotating electrospray
ionization device 5 and the receiving unit 6 to provide a
non-reactive gas for assisting vaporization of the volatile
liquid. Preferably, the non-reactive gas 1s blown toward the
receiving unit 6, and has a temperature that ranges from room
temperature to 325° C. Preferably, the non-reactive gas 1s
selected from the group consisting of nitrogen gas, helium
gas, neon gas, argon gas, and a combination thereof.

[0045] With reference to FIG. 6 and FIG. 7, the second
preferred embodiment of a rotating electrospray 1omization
device 5 according to the present invention differs from the
first preferred embodiment 1n that the rotating axis unit of the
rotating electrospray ionization device 5 includes two rotat-
ing axes (C1), and the output shaft unit of the rotating elec-
trospray 1onization device 5 includes two output shafts 513 to
rotate respectively about the two rotating axes (C1). Corre-
spondingly, the shaft axis unit of the rotating electrospray
ionization device 3 includes two shaft axes (C2), and the
revolving shaft unit of the revolving drive module 512 of the
rotating electrospray 1onization device 5 includes two revolv-
ing shafts 514 which respectively define the two shait axes
(C2) (the two shaft axes (C2) seem to be coincidental from the
perspective of FIG. 7). Each of the shait axes (C2) 1s offset
from a corresponding one of the rotating axes (C1) by the
predetermined distance (R). Each of the revolving shatts 514
has a proximate end part 515 and a distal end part 516. The
proximate end part 515 of each of the revolving shaits 514 1s
coupled to a corresponding one of the output shafts 513 so as
to be driven to revolve about a corresponding one of the
rotating axes (C1).

[0046] In addition, the major wall 518 of the coupler 517
according to the second preferred embodiment 1s configured
to have therein two tubular bearing surfaces which are dis-
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posed equidistant from the centerline (C3) of the major wall
518, and which are respectively configured to engage the
distal end parts 516 of the two revolving shafts 514 such that
the revolving route (A) 1s kept 1n the predetermined correla-
tion with the predetermined distance (R). Moreover, 1n this
embodiment, the three-way pipe 519 1s mounted to a top
surface of the coupler 517 such that the nozzle 52 1s disposed
above the coupler 517.

[0047] Furthermore, according to the second preferred
embodiment, the gear train 5113 of the primary drive module
511 of the driving mechanism 51 includes an 1dler gear 5116
to ensure that the two output shaits 513 rotate in the same
circumierential direction and respectively about the two
rotating axes (C1). With reference to FIG. 8 and FIG. 9, the
coupler 517 as a whole revolves about a central axis (C4)
parallel to the two rotating axes (C1) and intersected by a
straight line that connects the two rotating axes (C1) at a
midpoint of the straight line, while bringing the nozzle 52 to
revolve about the revolving axis (RC) along the revolving
route (A). In this embodiment, each of the revolving shaits
514, the coupler 517, and the nozzle 352 revolves along a
circular path that has a radius equal to the predetermined
distance (R).

[0048] As shown in FIG. 8, when the two revolving shafts
514 are disposed at a lowest point about their corresponding
circular paths, the nozzle 52 1s disposed at the lowest point
about the revolving route (A). As shown in FIG. 9, when the
two revolving shatts 514 are disposed at the rightmost point
about their corresponding circular paths, the nozzle 52 1s
disposed at the rightmost point about the revolving route (A).

[0049] It should be noted herein that the traveling path
established between the nozzle 52 and the recerving unit 6 1s
substantially straight 1in the previous embodiments. However,
as shown 1 FIG. 10, 1t 1s common 1n the electrospray 10n1za-
tion mass spectrometry (ESI-MS) industry for the nozzle axis
(L1) of the nozzle 52 to have a substantially perpendicular
relationship with an entrance axis (LL.2) defined by the receiv-
ing unit 6. In this 1nstance, due to the potential difference
established between the nozzle 52 and the receiving unit 6, the
traveling path taken by the liquid droplets of the electrospray
medium 1s not straight, but curved. The rotating electrospray
ionization device 35 of the present invention may also be
applicable to this type of mass spectrometer configuration.

[0050] With reference to FIG. 11, according to the third
preferred embodiment of a rotating electrospray ionization
devices according to the present invention, the nozzle 52a of
the rotating electrospray 1onization device 3 according to the
third preferred embodiment 1s manifolded 1nto a plurality of
sub-nozzles 521 that are parallel to the nozzle axis (LL1). FIG.
11 1illustrates a first array of the plural sub-nozzles 521. At
least two of the sub-nozzles 521 are symmetrical relative to
the nozzle axis (LL1). The sub-nozzles 521 recerve the same
clectrospray medium from the first conduit 5191 of the three-
way pipe 519, and are each configured to sequentially form
liquad droplets of the electrospray medium thereat. The
nozzle axis (LL1) still revolves about the revolving axis (RC)
along the revolving route (A). Looking from the perspective
of a single sub-nozzle 521, however, each of the sub-nozzles

521 has 1ts own revolving axis, and revolves along 1ts own
revolving route.

[0051] Alternatively, as shown 1n FIG. 12, the nozzle 5256

can be manifolded into a second array of the plural sub-
nozzles 5215 by forming a pack of interconnected solid col-
umns 522, where the spaces between the solid columns 522
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serve as the sub-nozzles 5215 and permit the electrospray
medium to pass therethrough to form the liquid droplets.
[0052] Optionally, the coupler 317 1s movable toward or
away from the recerving unit 6, such that a three-dimensional
spiral revolving path can be obtained by combining an axial
movement of the coupler 517 with a revolving movement of
the nozzle 52.

[0053] Optionally, the electrospray medium can be intro-
duced into the rotating electrospray 1onization device 5 by a
syringe pump.

[0054] When a sample, from which the analytes are
obtained, 1s a mixture, liquid chromatography (LLC) or capil-
lary electrophoresis (CE) techniques may be used for sepa-
ration of the analytes prior to introducing the analytes into the
nozzle 52.

[0055] It should be noted herein that the magnitude of the
potential difference and the direction of the electric field
established between the nozzle 52 and the mass analyzer 3 1s
set such that the electrospray medium is enabled to form 1nto
multiple-charged liquid droplets. The potential difference can
be either positive or negative as 1s determined by the user
according to the desired electric property of the multiple-
charged liquid droplets. The potential difference should be
established with respect to the design of the mass analyzer 3,
for example, by applying a voltage above 2 kKV at the nozzle
52 of the rotating electro spray 1onmization device 5 and
grounding the mass analyzer 3, or by grounding the nozzle 52
and applying a voltage above 2 kV at the mass analyzer 3.

[0056] Alternatively, an external electric field may be
established between the nozzle 52 of the rotating electrospray
ionization device 5 and the mass analyzer 3 of the receiving
unmit 6. As shown 1n FIG. 13, for example, a glass cloche 8,
which includes a cylindrical portion (G1) and a bowl-shaped
portion (G2), 1s provided between the nozzle 52 and the mass
analyzer 3, where the cylindrical portion (G1) of the glass
cloche 8 proximate to the nozzle 52 1s applied thereon a 0.9
kV voltage, and the bowl-shaped portion (G2) of the glass
cloche 8 proximate to the mass analyzer 3 1s applied thereon
a —0.5 kV voltage. As a result, the liquid droplets of the
clectrospray medium formed at the nozzle 52 are forced to
advance toward the mass analyzer 3 under the influence of the
external electric field.

[0057] It should be further noted herein that the entrance
side 31 of the mass analyzer 3 may be configured 1n corre-
spondence with the revolving route (A) tracked by the nozzle
axis (1) of the nozzle 52. For instance, the entrance side 31
of the mass analyzer 3 of the recerving unit 6 as illustrated 1n
FIG. 14 1s annular 1n shape 1n correspondence to the annular
revolving route (A).

[0058] Moreover, 1t should also be noted herein that shown
in FIGS. 5, 7, 10 and 11 are common arrangements for elec-
trospray 1onization mass spectrometers (ESI-MS). However,
the rotating electrospray 1onization device of the present
invention 1s applicable to any mass spectrometers that use the
clectrospray 1onization (ESI) technique, an example of which
1s an electrospray-assisted laser desorption 1onization mass
spectrometer (ELDI-MS) as disclosed 1n U.S. Patent Publi-
cation No. 2007/0176113 Al, and illustrated 1n FIG. 15. In
FIG. 15, 1n addition to the rotating electrospray 1onization
device 5 of the present invention and the receiving unit 6
(which consists of the mass analyzer 3 and the detector 4), the
clectrospray-assisted laser desorption 1omization (ELDI)
mass spectrometer further includes a laser desorption device
7. The electrospray medium 1n the nozzle 52 does not contain
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analytes, and the laser desorption device 7 1s adapted to irra-
diate a sample (S) disposed on a sample platform 71 with a
laser beam (L) such that, upon irradiation, at least one of the
analytes contained 1n the sample (S) 1s desorbed to fly along
a flying path which intersects the traveling path of the liquid
droplets of the electrospray medium so as to enable said at
least one of the analytes to be occluded 1n the liquid droplets,
and such that as a result of dwindling 1n size of the liquid
droplets when approaching the recerving unit 6 along the
traveling path, charges of the liquid droplets will pass on to
said at least one of the analytes to form a corresponding one
of the 1oni1zed analytes.

[0059] With reference to FIG. 16, the rotating electrospray
ionization device 3 according to the present invention may
also be implemented with a laser-induced acoustic desorption
(LIAD) device 9 including a laser transmission mechanism
91 and a substrate 92 so as to form a laser-induced acoustic
desorption (LIAD) mass spectrometer. The substrate 92 has a
sample surface 921 on which the sample (S) 1s placed, and an
irradiated surface 922 opposite to the sample surface 921. The
laser transmission mechanism 91 1s disposed to irradiate the
irradiated surface 922 of the substrate 92 with a laser beam
(L). The substrate 92 1s made from a material capable of
permitting propagation of laser energy there through such that
upon 1irradiation by the laser transmission mechanism 91,
laser energy of the laser beam (L) 1s passed on to at least one
of the analytes contained in the sample (S) via the substrate 92
so that the at least one of the analytes 1s desorbed to fly along
a flying path which intersects the traveling path of the charged
liquid droplets of the electrospray medium so as to enable the
at least one of the analytes to be occluded 1n the charged liquid
droplets. For further details of the LIAD device 9, reference
may be made to U.S. Patent Publication No. 2008/0308722
Al.

[0060] As discussed above, the rotating electrospray 1on-
ization device 5 of the present invention can be applied to any
mass spectrometers that involve the use of electrospray 10n-
ization (ESI) technique. Therefore, the samples suitable for
the present invention can be eirther solid or liquid.

[0061] When the sample 15 a dissected tissue, 1t can be a
tissue specimen ol an animal organ that 1s selected from the
group consisting of a brain, a heart, a liver, a lung, a stomach,
a kidney, a spleen, an intestine, and a uterus. In some embodi-
ments of the present invention, the dissected tissue comes
from an animal organ that 1s selected from the group consist-
ing of a brain, a heart, and a liver.

[0062] When the sample 1s formed by dehydrating a liquid
material to be studied, the liquid material can be various kinds
ol solutions, such as body fluids, chemical solutions, envi-
ronment sampling solutions, or various eluates from lhiquid
chromatography, etc. When the liquid matenal to be studied 1s
a body fluid secreted by an organism, it can be selected from
the group consisting of blood, tear, perspiration, intestinal
juice, brains fluid, spinal fluid, lymph, pus, blood serum,
saltva, nasal mucus, urine, and excrement. In some embodi-
ments of the present invention, the liquid material to be stud-
ied 1s selected from the group consisting of blood, blood
serum, and tear. When the liquid material under study is a
chemical solution, 1t can be insulin, myoglobin, cytochrome
C, or a protein solution made from a combination thereot, as
illustrated 1n some of the embodiments disclosed herein.

[0063] In summary, the rotating electrospray 1onization
device 5 of the present invention has the following effects and
advantages. By virtue of the revolving motion of the nozzle(s)

Sep. 15, 2011

52, the liquid droplets sequentially formed atthe nozzle (s) 52
are distributed evenly along the traveling path in a space
between the nozzle(s) 52 and the recerving unit 6, and such
that more 1omized analytes formed from the liqud droplets
will arrive at the recerving unit 6 as compared to the prior art,
where the nozzle 1s fixed 1n position when spraying the elec-
trospray solution such that only a small portion of the 1onized
analytes will reach the receiving umt, while the other are
dispersed due to the space charge phenomenon. As a result,
intensity and stability of signals obtained by the mass ana-
lyzer 3 of the receiving unit 6 are both increased by the present
invention.

[0064] While the present invention has been described 1n
connection with what are considered the most practical and
preferred embodiments, 1t 1s understood that this mnvention 1s
not limited to the disclosed embodiments but 1s intended to
cover various arrangements mcluded within the spirit and
scope of the broadest interpretation so as to encompass all
such modifications and equivalent arrangements.

What 1s claimed 1s:

1. A cycling electrospray 1onization device adapted for use
in a mass spectrometer which 1s for analyzing analytes, and
which includes a recerving unit disposed to admit therein
ionized analytes obtainable through 1onmization of the ana-
lytes, said cycling electrospray 1onization device comprising:

a driving mechanism; and

at least one nozzle configured to sequentially form liquid

droplets of an electrospray medium thereat, and adapted
to establish a traveling path with the receiving unit such
that when a potential difference 1s applied between said
nozzle and the recerving unit to lade the liquid droplets
with a plurality of electric charges for 1onizing the ana-
lytes to form the 1omized analytes, the charged droplets
are forced to move toward the receiving unit along the
traveling path, said nozzle defining a nozzle axis, and
being driven by said driving mechanism to proceed with
a cycling route about a cycling axis such that said nozzle
axi1s tracks along said cycling route, and such that imme-
diately after leaving said nozzle, the liquid droplets
cooperate to form a substantially columnar plume with a
cross section substantially surrounded by said cycling
route.

2. The cycling electrospray 1onization device as claimed 1n
claim 1, wherein said cycling route has two half-route seg-
ments which are opposite in location to each other relative to
said cycling axis, and which are opposite 1 direction of
movement to each other, said half-route segments being con-
figured to be straightened so as to be close to each other to
thereby substantially render said cycling route mnto a recipro-
cating route.

3. The cycling electrospray 1onization device as claimed 1n
claim 1, wherein said cycling route 1s a revolving route.

4. The cycling electrospray 1onization device as claimed 1n
claim 3, wherein the traveling path 1s straight.

5. The cycling electrospray 1onization device as claimed 1n
claim 3, wherein said driving mechanism includes:

a primary drive module including an output shaft unit that

rotates about a rotating axis unit; and

a revolving drive module including a revolving shait unit

which defines a shaft axis unit that is offset from said
rotating axis unit by a predetermined distance, and
which includes a proximate end unit coupled to said
output shait unit so as to be driven to revolve about the
rotating axis umt, and a distal end umt coupled to said
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nozzle so as to bring said revolving route into a prede-
termined correlation with the predetermined distance.

6. The cycling electrospray 1onization device as claimed 1n
claim 5, wherein said rotating axis unit includes two rotating
axes, said output shait unit including two output shaits to
rotate respectively about the two rotating axes,

said shatt axis unit including two shatt axes, said revolving

shaft unit including two revolving shaits which respec-
tively define the two shatt axes, each being offset from a
corresponding one of said rotating axes by the predeter-
mined distance, each of said revolving shafts having a
distal end part, and a proximate end part to couple to a
corresponding one of said output shafts such that said
proximate end of each of said revolving shaits 1s driven
to revolve about a corresponding one of the rotating
axes,

said driving mechamsm further including a coupler which

has a major wall that defines a centerline normal thereto,
and that 1s configured to secure said nozzle relative
thereto so as to render said centerline to be oriented
parallel to said nozzle axis 1n a direction of said nozzle
axis, said major wall being configured to have therein
two tubular bearing surfaces which are disposed equi-
distant from said centerline, and which are respectively
configured to engage said distal ends of said two revolv-
ing shaits such that said revolving route 1s kept 1n the
predetermined correlation with the predetermined dis-
tance.

7. The cycling electrospray 1onization device as claimed in
claim 6, wherein said primary drive module further includes
a motor with a main drive shait, and a gear train disposed to
transmit a drive force of said main drive shait to drive said two
output shaits synchronously.

8. The cycling electrospray 1onization device as claimed in
claiam 7, further comprising a three-way pipe disposed to
couple said nozzle to said major wall of said coupler so as to
secure said nozzle relative thereto, said three-way pipe having
a first conduit which 1s disposed upstream of said nozzle, a
second conduit which 1s disposed upstream of said first con-
duit, and which has an inlet for mntroducing therein the elec-
trospray medium, and a third conduit which i1s disposed
downstream of said second conduit and upstream of said first
conduit, and which has a port that 1s fit with an electrode for
establishing the potential difference with the receiving unit.

9. The cycling electrospray 1oni1zation device as claimed in
claim 8, wherein said nozzle 1s mamifolded 1into a plurality of
sub-nozzles that are parallel to the nozzle axis, at least two of
said sub-nozzles being symmetrical relative to the nozzle
axis.
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10. The cycling electrospray 1onization device as claimed
in claim 5, wherein the predetermined distance 1s adjustable.

11. A mass spectrometer for analyzing analytes, compris-
ng:
a receiving unit disposed to admit therein 1onized analytes
obtainable through ionization of the analytes; and

a cycling electrospray 1onization device including
a driving mechanism, and

at least one nozzle configured to sequentially form liquid
droplets of an electrospray medium thereat, and
establishing a traveling path with said recerving unit
such that when a potential difference i1s applied
between said nozzle and said recerving unit to lade the
liguid droplets with a plurality of electric charges for
1onizing the analytes to form the 1onized analytes, the
charged droplets are forced to move toward said
receiving unit along the traveling path, said nozzle
defining a nozzle axis, and being driven by said driv-
ing mechanism to proceed with a cycling route about
a cycling axis such that said nozzle axis tracks along
said cycling route, and such that immediately after
leaving said nozzle, the liquid droplets cooperate to
form a substantially columnar plume with a cross
section substantially surrounded by said cycling
route.

12. The mass spectrometer as claimed 1n claim 11, wherein
said cycling route has two half-route segments which are
opposite relative to said cycling axis, and which are opposite
to each other 1n direction of movement, said half-route seg-
ments being configured to be straightened so as to be close to
cach other to thereby substantially render said cycling route
into a reciprocating route.

13. The mass spectrometer as claimed 1n claim 11, wherein
said cycling route 1s a revolving route.

14. The mass spectrometer as claimed in claim 11, wherein
said recerving has an entrance side that 1s configured to cor-
respond 1n shape to said cycling route.

15. The mass spectrometer as claimed in claim 11, further
comprising a glass cloche which 1s disposed between said
nozzle and said receiving unit, and which includes a cylindri-
cal portion and a bowl-shaped portion for establishing an
external electric field therebetween to serve as the potential
difference for forcing the liquid droplets of the electrospray
medium formed at said nozzle to advance toward said receiv-
ing unit.
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